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Introduction

Emissions of nitrogen oxides (NOx) from fossil fuel combustion
into the atmosphere can have significant adverse effects on human
health and the environment. Due to legislative requirements and
NOx regulations in recent years, an increasing number of coal-fired
facilities are installing ammonia-based deNOx technologies such as
Selective Catalytic Reduction (SCR) and Selective Non-Catalytic
Reduction (SNCR). Ammonia is also used for Electrostatic
Precipitator (ESP) conditioning to increase the efficiency of
particulate matter control. Therefore, the issue of ammoniated ash
has become increasingly important due to the potential negative
impact on ash utilization and disposal.

In an effort to evaluate potential ammonia release from fly ash
in disposal sites and the rate of ammonia release, we investigated the
ammonia leaching characteristics of many power plant fly ashes'.
These ammoniated fly ashes were collected from power plants with
SCR, SNCR or ammonia ESP conditioning systems. A leaching
procedure was established using water or acidic solutions. The
results indicated that there was a wide range for the amount of
ammonia in the fly ash that can be leached out. The ammonia release
rate for all the ashes was relatively fast, in a matter of hours or days
depending on the leaching procedure and condition.

Ammonia has been speculated to be fixed onto the ash by
adsorption/deposition onto ash surfaces, mainly in the form of
ammonium salts such as (NH4),SO, and NH,HSO4 when sulfur is
available in the flue gas®®. In a recent study sponsored by Electric
Power Research Institute (ERRI), thermal gravimetric—mass
spectrometry (TG-MS) was used to identify the forms of salts on fly
ashes®. It was found that (NH,),SO, and NH,HSO, are the dominant
ammonia salts deposited on fly ash. Also, two ammonia salts,
(NH4),SO4 and NH4HSO,4 was dry coated on ash surface and the
samples were analyzed by TG-MS in an effort to examine differences
in the form of ammonia salts.

This study intended to investigate the effect of the different
ammonium salts on ammonia leaching from fly ash. The purpose
was to examine the differences in leaching characteristics, if any,
between the two major ammonium salts, namely (NH4),SO, and
NH4HSO,4. The salts were dry coated on the ash by a procedure
similar to that used in TG-MS studies. The samples were subjected
to a sequential batch leaching procedure that was established in our
previous studies to measure ammonia release.

Experimental

Plant personnel collected the fly ash sample from a power plant
burning an eastern US bituminous coal. The pulverized coal
combustion furnace was tangentially fired and the coal had a sulfur
content of less than 1%. The SCR system with ammonia injection
was used, resulting in ammonia adsorption on fly ash. The sample
was shipped to the laboratory in a sealed container.

A sequential batch leaching procedure was used to determine
the rate and total amount of ammonia release from the fly ash.

Parallel (5.00-gram each) samples of fly ash were weighed to 0.001g
and placed in 60 mL plastic syringes. Syringes were used to serve as
Zero-Head-Space (ZHS) vessels’, which prevent direct contact
between the solution and the air to ensure no ammonia escaping to
the air. 50 mL of water or acid solution was drawn into the syringes,
and the syringes were capped to prevent solution in contact with air.
After predetermined time intervals, 30 mL liquid was taken out for
the analysis of pH and ammonia content. For sequential leaching,
additional 30 mL fresh leachant was added back to the syringe to
repeat the process. This process was repeated until the ammonia
concentration in the extraction liquid was sufficiently low. Orion’s
ammonia and pH electrodes were used to measure both pH and
ammonia concentration’. The calculation for each extraction step in
a sequential leaching process excludes the ammonia content in the
residual liquid from the previous step. The procedure was
experimentally verified for repeatability and tested for variables such
as using a syringe filter, the amount of ash, the amount of extraction
fluid, the amount of liquid taken out for analysis, and etc. The
procedure was successfully applied to many eastern bituminous coal
ashes with various levels of ammonia content.

The fly ash was characterized for its original ammonia content.
The ash was also heated in an oven to 500 °C for 30 minutes, based
on the TG-MS results, to remove the ammonia. After the treatment,
the ammonia on ash was determined by water leaching which
showed that the residual ammonia on the treated ash was less than 1
ppm based on the ash mass.

The ammonia-free ash was then mixed with ground NH4HSO,4
or (NH,4),SOy, in a ball mill for 15 hours at a determined mass ratio of
the ash and the salts. The purity of ammonium salts was 98%, and
the salt crystals were pre-ground manually to fine powder in a mortar
and pestle. For the two salts added in this experiment, the ammonia
concentrations in the ash after salt addition were at 97 ppm by mass.
The stainless steel balls were about 1 cm in diameter and the ball mill
diameter was about 6 cm; therefore, the ash particles were not
crushed during the process. In fact, the mill was more of a mixing
chamber for rubbing and coating ammonium salts to the surface of
ash particles. The salts-coated ash samples were then subjected to
the leaching procedure for the total amount of ammonia release and
the rate of ammonia release in water. The time for each leaching step
in sequential processes was selected to be 10 minutes and 30 minutes
in this study. In other words, the extraction liquid was taken out and
analyzed every 10 or 30 minutes, and fresh liquid was added to
continue the process. Distilled water was used as extraction liquid in
this experiment.

Results and Discussion

The pH of the ash is quite high, varying from 10.5 to 11.5, in
water at 10:1 water-ash ratio. Figure 1 shows the initial variation of
the pH. The pH number stayed above 11 for the first three days, and
dropped to below 11 on day four and day five to 10.5.
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Figure 1 The pH change of the sample in the first hour.
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Ammonia release in water for the original ash is shown in
Figure 2. Ten-minute time interval was used for the analysis and the
percentage of ammonia release for each 10-minute was calculated
based on the total ammonia released. The total ammonia release was
about 17.4 ppm based on ash mass. The result indicates that the
release rate of ammonia is quite fast: about 85% of the ammonia is
released in first 10 minutes.
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Figure 2. Result for ammonia leaching from the original fly ash.
The total ammonia leached out is 17.4 ppm based on ash mass.

The result for the ash coated with NH,;HSO, or (NH,4),SO, is
shown in Figures 3 for leaching at 10-minute time interval. For
NH4HSO, coated ash, the total ammonia release was 91 ppm based
on ash mass, after a total of 110 minutes. The ammonia leached, 91
ppm, was about 94% of ammonia added as NH,HSO,. In first 10
minutes, 45 ppm of ammonia was released, which was about 46% of
the total ammonia added and 50% of the total ammonia released.

For (NH4),SO4 coated ash in 10-minute leaching, shown in
Figure 3, the total amount of ammonia leached was averaged at 76
ppm based on ash mass, which was 78% of the 97 ppm added to the
ash. In first 10 minutes, 39 ppm of the ammonia was released, about
40% of the ammonia added and 51% of the total ammonia released.
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Figure 3. The percent of total ammonia released, based on the
ammonia salt added, in 10 minutes runs for NH;HSO4 & (NH,4),SO,.

For the 30-minute runs, the result is shown in Figure 4. For
NH4HSO, coated ash, the total ammonia release was 79 ppm after 4
runs for 120 minutes, which was 81% of ammonia added. In the first

30-minute, ammonia release was 68 ppm, about 70% of the ammonia
added and 86% of the total ammonia release.
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Figure 4. The percent of total ammonia released based on the
ammonia salt added, in 30-minutes runs for NH;HSO4 & (NH,4),SO;,.

For the sample with (NH,4),SO, coating and 30-minute runs, the
total ammonia release was 65 ppm, which was 67% of ammonia
added. In the first 30-minute, 46 ppm of ammonia was released,
about 47% of the ammonia added and 70% of the total ammonia
release.

Because tests showed that both ammonium salts were dissolved
in water very quickly, the salt-coated ash leaching took much longer
time, relatively, to extract ammonia. This is a clear indication of
interactions of ammonia salts with ash surface. It is possible that the
coating process can change the original ammonia salts into different
species.

There are differences if we compare the result of the first three
steps for 10-minute runs with the first step of 30-minute runs. For
NH4HSO, coated samples, about 61 ppm of ammonia was extracted
in the first three steps of 10-minute runs in Figure 3, while about 68
ppm was extracted in the first step of the 30-minute run in Figure 4.
The difference was 57 ppm versus 46 ppm for (NH4),SO,4 coated
samples. Such differences indicate that the leaching of ammonia
from fly ash is somewhat procedure dependent.

It appears that there is essentially no significant difference
between the two salts coated ash samples in ammonia release rate.
For 10-minute sequential leaching, the two results were quite similar.
In 30-minute runs, ammonia release rate was somewhat different, but
such difference is not significant enough to have practical
implication in ash disposal sites. Even with the fact that forms of
ammonia were not identified after the coating process, the similarity
in release rate between the two salt-coated samples was beyond
question. The leaching of salt-coated samples was also similar to the
original fly ash in ammonia release rate.

The total amount of ammonia leached from the two salt-coated
samples was somewhat different. For NH4HSO, coated samples,
about 88% was released and for (NH4),SO, coated samples, only
about 73% was released. The discrepancy between how much was
put in and how much was leached out could partially come from the
fact that some ammonia may never be released due to the interaction
with ash surface. Another reason may be that the leaching procedure
and the measurement of ammonia were stopped at low
concentrations. The ammonia release at these low concentrations
may still last for a while.
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Conclusions

The experimental result indicated interactions between coated
ammonia salts and ash surface, which resulted in a much slower
ammonia release than the dissolution rate for the pure salts. The data
also suggested that the amount of ammonia extracted was somewhat
procedure dependent. However, there was practically no significant
difference in leaching behavior for samples coated with different
salts, (NHy4),SO,4 and (NH,4),SO,. It was also observed that the total
ammonia extracted was different for the two salt-coated samples.
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1. Introduction

One of advanced technologies for coal firing power generation
is a combined system based on the pressurized fluidized bed
combustion (PFBC) because PFBC has been proved to promise high
combustion and power generation efficiencies, use of wider range of
coals, and efficient environmental protection .The development of
PFBC in Japan has been initiated by Electric Power Development Co
and three commercial plants have been constructed. Figure 1
illustrates the flow system of PFBC. For flue gas cleaning, cyclone
and CTF are installed. In PFBC, coal grain as fuel and CaCO; fed as
desulfurization agent are fluidized in a bed to perform catalytic
combustion and in-situ desulfurization. The combusted gas is sent to
the gas turbine after the cleaning to remove fly ash by cyclone and/or
high temperature ceramic filter. The combustion heat is recovered in
the bed for steam power generation.

The coal is combusted, leaving ash in the bed of CaCO; and
CaCOj; is converted into CaO and CaSO, by the heat and with SO,
produced from the coal combustion. The ratio of CaO/CaCOs is
influenced by the temperature and CO, partial pressure in the bed.
Such coal ash and fluidizing agent suffer the collision, adhesion,
fusion, and reaction among the minerals in the bed, influencing
strongly the performances in PFBC such as efficiency and operability
of the ceramic filter, bed fluidization, and desulfurization.

In the present paper, the flue gas cleaning by ceramic tube filter
(CTF), fluidization stability of bed materials, and desulfurization
efficiency were viewed in terms of coal ash. The interactions among
the coal ashes and fluidizing agent govern performances, being
strongly influenced by the coal kind, more definitely ash minerals
carried by coal. The fluidization stability is very critical for PFBC
operation since reactions among the coal ash and CaCO3/CaO/CaSO,
may cause the adhesion, agglomeration, and slugging of the bed
materials, leading finally to the emergency shut down.

2.  Experimental

Ash mineral and bed materials were recovered from ceramic
filter and boilers of both 71IMW and 350MW demonstration and
commercial PFBC plants. Blair Athol, Drayton and Nanton coals
were combusted in PFBC plants. Recovered ash and bed materials
were observed extensively by high resolution SEM , and analyzed by
XRD.

3. Results
1) Ash recovered from ceramic tube filter

Ash minerals recovered from CTF were observed
extensively by high resolution SEM to understand two observations
(1) why sending lager minerals could improve operability of CTF.
(2) combustion of some coals caused large pressure drop through
CTF in spite of frequent back wash cleaning. Figure 2 illustrates
SEM photographs of ashes which passed through cyclone or some of
which by-passed the cyclone to send lager grains of ash. The fly
ashes which passed through the cyclone were controlled to fine ones

which were packed compact on the filter, increasing the high
pressure drop. In contrast, the presence of large grains reduced the
packing density of fly ashes on the filter. Hence the pressure drop
was moderated and back washing operability was improved even if
the more fly ash was sent to CTF. The large ash grain was noted to
carry the fine grains adhered to the surface of the large grains as
shown in Figure 3. Such adhesion moderates the packing of ashes
over the CTF and hence pressure drop.

Figure 4 shows the ash recovered from CTF after the back
wash when Drayton coal was combusted. The very fine fly ash was
recovered. Such fine ash penetrates into the pore of CTF, being
difficult to be removed completely from the filter in spite of the back
wash. Such ash causes the increase of stationary pressure drop
through CTF. SiO, was the major component of the fine ash in the
particular coal of Drayton, being not trapped by the large grain
because of its low reactivity and high softening point. Thus,
behaviors and natures of the very fine ash are very critical for the
CTF operation.

2) Sinter grain and agglomerate in the fluidized bed of PFBC

Figure 5 illustrates the photographs of larger grains
observed in the bed materials recovered from PFBC boiler. Adhesion
and some fusion of fine grains were certainly observed according to
the coal kinds as well as the load level of coal.

SEM photographs suggest that the agglomerate consisted
of three main parts, dense grains of fine particles fused densely each
other, and adhered particles of Al,O3, SiO,, and CaO. Dense grain
was identified as SiAlCaO; to be formed from the reactive fine
particles of SiO,, Al,Os, and CaO. An adhered ash and CaO grain
surrounded the dense grain. Such agglomerate appeared to be
produced below 11000 and disturbs the fluidization, triggering the
slugging. The high reactivity of fine ashes and CaO is believed as the
major cause of agglomeration.

3) Desulfurization efficiency according to coals to be combusted

Figure 6 summarizes the desulfurization efficiency of PFBC
which is definitely influenced by the coal to be combusted in the
boiler in addition to Ca/S rate. Nanton coal definitely lowered the
desulfurization efficiency. Desulfurization efficiency or SO,
concentration in flue gas was governed in principle by the reaction of
CaCO0;(Ca0) and SO,. However since Ca/S rate was always enough
high in the fluidized bed, SO, concentration in the flue gas may be
determined by the following reactions of CaO [1 SO, [1 1/20, 5
CaSOy in the free board and transfer line. Hence, CaSO,4 content and
morphology of fly ash are principally concerned to govern the
desulfurization extent.

4. Summary

PFBC operation is revealed to be strongly governed by the ash
derived from coal. The component and particle size of ash are
strongly subjective to the coal, and fine grains among a series of ash
minerals appear to strongly influence the operability of PFBC
through their reactions and softening temperature. Their adhesion
causes the agglomerates and lower the desulfurization, while is
favorable at the filtering because fine particle may not penetrate into
the pore. Thus, the properties of fine ashes in the coal must be
principally concerned. The behaviors and formation mechanism of
fine particle ashes must be carefully characterized for the efficient
operation of PFBC.
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Figure 5 Photograph of bed materials recovered from PFBC
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Introduction

Coal Combustion Product (CCP) utilization reached levels over 33%
in the year 2000 with fly ash leading other CCP’s at 39%.! A
continued increase in the utilization of these materials may be
realized provided several detrimental issues can be resolved. The
implementation of technologies in order to comply with the Clean Air
Act has led to the deterioration in quality of fly ash as defined by
ASTM C618. This ASTM specification provides both chemical and
physical requirements that fly ash must meet before it is allowed to
be used in concrete, the largest market area for CCP’s. Several
enterprising research and development groups and companies have
developed different technologies for alleviating the problems caused
by the implementation of NOx reducing technologies, such as Low
NOx Burners (LNB) that increase the unburned carbon levels in fly
ash. Some of these technologies may be adaptable to address other
contaminates that are finding their way into fly ash as a result of
compliance with the Clean Air Act and other pending legislative
actions addressing such issues as mercury removal from flue gases.

Fly Ash

Many Utilities found that LNB’s would effect the reduction of NOx
levels by greater than 50% at the expense of increased carbon levels
in fly ash as reported by Loss On Ignition (LOI). Carbon levels in fly
ash impact the ability to entrain air in concrete. Typically, concrete is
required to entrain 4 to 6% air in areas where freeze-thaw cycles are
experienced. Finite spherical voids in concrete as a result of air
entrainment accommodate the expansion of water as it freezes. This
prevents any internal pressures from becoming high enough to
initiate spalling or delamination of the concrete. The carbon in fly
ash acts as a sorbent for Air Entraining Agents used to entrain air in
concrete. Predicting the proper dose rates to obtain 4 to 6% entrained
air is made difficult with changing LOI values.

To reduce NOx to levels significantly below 0.21bsNOx/MMBTU,
technologies other than LNB’s are required. The most popular
technology implemented today is Selective Catalytic Reduction
(SCR). This process utilizes the reducing characteristics of ammonia
injected into a flue gas stream across a catalyst bed. This process
reduces the NOx into nitrogen and water. However, as the catalyst
bed ages, an increase in ammonia slip is observed. The ammonia that
slips by the catalyst bed tends to precipitate out of the flue gas stream
and onto the fly ash as an ammonium sulfate/bisulfate salt. Upon
introduction into a high pH environment, such as concrete, the
ammonium ion forms ammonia gas and is liberated into the
atmosphere, potentially exposing persons in the immediate area to
ammonia gas. Ammonia is also found to contaminate fly ash where
it is used for flu gas conditioning and for enhancing the efficiency of
electrostatic precipitators.

Due in December of 2003, a proposal by the EPA will address what
actions are to be taken by Utilities to limit mercury release into the
environment via flue gasses. At this time, the most efficient way of
decreasing mercury stack emissions is by injecting activated carbon
into the flue gas stream, preferably in front of a baghouse or
COHPAC system. At many Utilities, it will be cost prohibitive to
keep the activated carbon out of the fly ash collection system.
Activated carbon has a much higher surface area than the typical
unburned carbon found in fly ash. The impact on the adsorption of
Air Entraining Agents will be significant.

Beneficiation

Since implementation of the Clean Air Act and the subsequent
installation of LNB’s, the industry has had time to develop processes
whereby some, if not all of the unburned carbon can be removed
from fly ash. Electrostatic and Triboelectric separation technologies
work on the principal of charge separation.> * These technologies
have been proven in industry settings. Their efficiency is dependent
on fly ash physical and chemical characteristics, therefore, a program
to evaluate the economic feasibility for the application of this, or any
other beneficiation technology, is required. Both of these
technologies have shown to be successful at reducing the carbon
content in fly ash. However, they have not shown themselves to be
highly successful at removing ammonium salts or being able to
reduce activated carbon levels to concentrations that would be
acceptable by the ready mixed concrete market.

Carbon Burn Out (CBO) utilizes a heated fluidized bed to continue
the combustion process thereby decreasing the carbon content.* A
minimum LOI content must be present in the fly ash to provide
enough thermal energy to maintain the combustion process.
Otherwise, additional energy must be added to the process (natural
gas). Trials have indicated the ammonium salts are decomposed and
no ammonia is released from the process. One concern is the re-
volatilization of mercury from a sorbent (activated carbon).
Certainly, traps may be added to the resulting flue gas stream from
CBO to once again collect any volatilized mercury. CBO is a very
attractive technology whose primary draw back is it’s large capital
costs.

Other beneficiation technologies involve chemically treating the
unburned carbon particles. The utilization of ozone is one such
process.” This process does not significantly reduce the %LOL
Instead, it works by depositing oxygen onto the surface of the
unburned carbon. This modifies the surface charge of the carbon in
such a way that it reduces the adsorption potential of Air Entraining
Agents. Similar to other processes, the success of ozonation is
dependent on the physical and chemical characteristics of fly ash.
Figure one demonstrates the influence of ozone adsorption and its
influence on mortar air testing. Initial testing with ammoniated fly
ash indicate no significant changes to ammonium sulfate/bisulfate
concentrations in the fly ash.

Discussion

There are several emerging technologies that upon implementation
will result in a Utilities compliance with required emission standards
but will not require subsequent beneficiation. Sorbents other than
activated carbon are being evaluated for mercury sorption
characteristics with limited impact on air entrainment in concrete.
Several of the beneficiation technologies listed here are capable of
addressing the issues of ammonia and activated carbon through
modifications to their processes. Market area analysis will become
increasingly  important as beneficiation technologies are
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implemented. Any of these technologies will add to the cost of
processing fly ash. The resulting quality of the beneficiated fly ash
and its supply cost will dictate whether or not the ash will be utilized
within a given geographic area.

Ozone Influence on Mortar Air
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Figure 1: Ozone Influence on Mortar Air with four different fly ash
sources.
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A DYNAMIC MODEL OF THE TRANSFORMATIONS
OF ARSENIC DURING COAL COMBUSTION

Richard O. Sterling and Joseph J. Helble
University of Connecticut
Storrs, CT 06269-3222

BACKGROUND

It has been well established that one of the pathways by which many
trace metals are released into the environment is through association
with the airborne particles generated from combustion sources (1).
Several studies have shown that the concentration of trace metals in
airborne particles is highly dependent on the size of the particles (2-
3). For trace metals such as arsenic there is an inverse relationship
between particle size and concentration and it has been shown that
this inverse relationship is governed by the transformation
mechanisms occurring during the combustion process (4-5). Under
post combustion conditions arsenic species interacting with entrained
particles will either condense or react on the surface of the solids.
The final concentration-size dependence is thus determined by which
mechanism dominates the transformation process. Existing models
assume that one process dominates, but in a real combustion
environment, both mechanisms are likely to contribute. In this paper,
a dynamic model for determining the concentration-size relationship
is developed and used to simulate the partitioning of arsenic under
typical coal combustion conditions.

PARTITIONING MODEL

The overall arsenic concentration distribution was determined from
an equation developed for the partitioning of sodium during
pulverized coal combustion (6). This approach independently
considered mass apportionment and an arsenic transformation
mechanism. Mass apportionment was used to evaluate the effects of
unvaporized arsenic by distributing the amount of unvaporized
arsenic according to the mole fraction of certain minerals or ash
particles possessing some affinity for arsenic in each particle. The
effects of surface reaction and condensation were then considered
through arsenic transformation. Embedded in this transformation
were the arsenic rate expressions for surface reaction and
condensation. The concentration of arsenic in a particle was therefore
expressed as:

C (dp) = A+ K (dp,t)n(dp) (M

where C(dp)= concentration arsenic in particle of size dp
A =the mass apportionment parameter
K(dp,t)= rate of condensation and surface reaction
n(dp)= the number of particles with size dp

For condensation, Fick’s law for a quiescent medium was used to
calculate the diffusion rate to each particle. The intrinsic rate
constant extracted from gas-solid thermo-gravimetric (TGA)
experiments of arsenic vapors with calcium oxide was used to
determine the rate of surface reaction(7). Implicit in these equations
were the effects of temperature on the magnitude of each mechanism
in the overall concentration equation.

SIMULATION PROCEDURE

The data for super micron fly ash particles generated from bench
scale coal combustion experiments were used as inputs to the model
(8). To evaluate the effects of temperature on the overall arsenic
concentration profile, two temperature profiles were used. In
addition, the intrinsic surface reaction rate was varied to evaluate the
impact on the concentration-size relationship. The effects of arsenic
vaporization were determined using 20, 60 and 100 percent
vaporization with the unvaporized arsenic distributed in the larger
particles according to the amount of calcium present in each particle
size fraction.

RESULTS

Figure 1 shows the simulation results for a typical boiler temperature
profile and using the intrinsic rate constant from the TGA
experiments. A comparison of the simulated arsenic concentrations
with the experimental results shows a similar order of magnitude for
all particle sizes. At 100 percent vaporization the concentration-size
relationship shows a dp™ dependence indicative of condensation
control. Comparing the 20 and 60 percent vaporization data shows no
significant changes in the concentration of arsenic in each particle. A
further examination of the mechanistic distribution of the vaporized
arsenic shows that even at 20 percent vaporization, condensation
dominates arsenic transformation. Surface reaction therefore makes
an insignificant contribution to the apportionment of vaporized
arsenic in the ash particles. Surface reaction therefore makes an
insignificant contribution to the apportionment of vaporized arsenic
in the ash particles. The results presented also show that conditions
of 60 percent arsenic vaporization give the best fit to the
experimental results.

-3.0

-3.5 1

0.0 0.2 0.4 0.6 0.8 1.0
log dp

Figure 1: Arsenic particulate concentration-size relationship for a
typical temperature profile for a boiler using measured intrinsic rate
constant. #actual As concentration, ® 20 percent vaporization, > 60
percent vaporization, = 100 percent vaporization, linear
regression of 100 percent vaporizetion data, -~ linear regression of
actual As concentration.

Figure 2 shows the calculated arsenic concentrations for a typical
boiler temperature profile using an intrinsic surface reaction four
orders of magnitude greater than the measured rate (7). A comparison
of the simulated arsenic concentrations with the experimental results
again shows a similar order of magnitude for all particle sizes. The
results for 100 percent vaporization suggest that under these
conditions surface reaction is the dominant transformation
mechanism as reflected by the dp' dependence in the concentration-
size relationship. Results obtained at conditions of 20 and 60 percent
vaporization at the elevated surface reaction show no significant
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differences in particulate arsenic concentrations as the amount of
arsenic vaporization changes. A detailed examination of these results
indicates that arsenic enrichment in the particles is dominated by
surface reaction under all conditions.
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Figure 2: Arsenic particulate concentration-size relationship for a
typical temperature profile for a boiler using intrinsic rate constant
four orders of magnitude greater than the measured rate.#actual As
concentration, B 20 percent vaporization, > 60 percent vaporization,
= 100 percent vaporization, linear regression of 100 percent
vaporization data, - lineer regression of actual As concentration.

CONCLUSION

The results from the study presented in this paper suggest that the
interpretation of the concentration-size relationship is more
complicated than previously reported. This is demonstrated by the
results for 60 percent arsenic vaporization, which show that mass
apportionment to each particle dominates the concentration-size
relationship. Deviation from the classical concentration-size
dependences reported in the literature may therefore be interpreted in
terms of the amount of the arsenic in the parent coal that vaporizes.
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EFFECTS OF AMMONIA FROM POST-
COMBUSTION NOx CONTROL ON ASH HANDLING
AND USE

Lamar Larrimore
Southern Company
P. O. Box 2641
Birmingham, AL 35291

Introduction

Utilities are increasingly using ammonia-based NOx reduction
processes in response to more restrictive emission limits. Flue gas
NOx can be converted to elemental nitrogen through both high-
temperature use of ammonia (SNCR - selective non-catalytic
reduction) and the use of ammonia with a catalyst (SCR — selective
catalytic reduction). Two technical problems which complicate the
use of these technologies are inefficient conversion of ammonia,
resulting in ammonia emissions (slip), and the deposition of
ammonia on flyash. Several recent efforts have addressed these
issues, including the mechanisms for ammonia deposition on ash,
as well as resulting effects on ash handling and utilization.

Description of Emissions Control Technologies

SCR and SNCR are the dominant technologies, with SCR
more widely used to achieve lower NOx emissions. SCR is
typically located in an area of the boiler between the economizer
and air preheater. It operates at a temperature of 600-750 F and
uses a chemical catalyst (vanadium pentoxide) to accelerate the
reaction of ammonia and NOx, producing elemental nitrogen. SCR
is more efficient than SNCR, producing a slip of 1-5 ppmv. SNCR
is located between the combustion zone and the economizer, where
it uses the 1600-2000 °F heat as a catalyst for the ammonia and
NOx reaction. The slip is usually greater than 5 ppmv. (Ref. 6)

Ammonia Deposition Mechanisms on Coal Ash

Unreacted ammonia slip typically represents less than 1% of
the injected ammonia. In conditions where there is adequate sulfur
present (from coal or sulfur burners for ESP performance), Figure 1
shows that the majority of sulfur will form ammonium bisulfate,
which is a sticky liquid that adheres to the surface of flyash or to
downstream equipment such as air preheaters. For subbituminous
coal, ammonia does not have an affinity for the alkaline Class C
ash. In such cases, most of the ammonia slip goes up the stack.

(Ref.1)
NO
W TN,

Ash
700/0 OfS/ip
Stack D"@ +S0, — NH,HSO,
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Note: Example values shown for bituminous coal
Figure 1. Fate of ammonia in flue gas

< 1% of Shp

Effects on Utilization Applications

Early results from the U of K project funded by DOE (Ref. 5)
indicate that mortar specimens do indeed evolve ammonia under
high pH conditions, although the evolution rate is significantly
slower than original expectations. As an example, after 500 hours,
almost 80% of the initial ammonia was still present in these
samples. (Note that EPRI project results (Ref. 2,3) indicate a much
faster evolution rate for actual concrete specimens.)
Recommendations from this work include a limit of 100 ppmw
ammonia for ash used in concrete placed in unvented areas. For
well-ventilated areas, the recommended limit is 200 ppmw
ammonia. Figure 2 presents a consensus of industry opinions on
recommended limits and actions for fly ash containing various
levels of adsorbed ammonia.
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Ammonia on Ash, ppmw
Figure 2. Aceptable levels of ammonia on ash
Note that no results have been reported which indicate decreased
performance of concrete or other products containing ammoniated ash.

Effects on Ash Handling and Disposal

Limited experimental data is available at this time for
confirmation of issues associated with handling and disposal of
ammoniated ash. For evolution of ammonia as a gas, the key driver
appears to be pH. At pH values less than 11, evolved ammonia
appears to be small during water addition for ash conditioning prior
to landfilling. (Ref. 2,3) Ammonia readily dissolves in water,
creating greater potential concerns such as nutrient load and aquatic
toxicity for water in sluice streams and effluent streams from
ponds. (Ref. 4)

Beneficiation Methods

Proven beneficiation methods include combinations of heat
and moisture to force faster evolution of ammonia. However,
capital and O&M costs associated with the required 700 F
temperature could be significant, unless inexpensive heat is
available.

Alternatives include addition of strong oxidants such as
sodium hypochlorite to destroy the ammonia prior to evolution.
Little published information is available concerning required
concentrations for complete inhibition of ammonia evolution,
although the EPRI project has reported a 50% reduction in
ammonia evolution using a 1.0% solution of sodium hypochlorite.
(Ref. 2,3)

Survey of Current Experiences

Table 1 summarizes some of the ammonia issues described in
this document above. In 1999 Southern Company performed an
informal phone survey of operating SCR and SNCR installations.
Results revealed that a majority of these plants sometimes
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experienced detectable ammonia odors; however, most were still
able to utilize ash for beneficial purposes.

Table 1. SCR/SNCR survey results

Sites
Ammonia Slip 0-5ppm 12
> 10 ppm 3
Ammonia on Ash 50 - 300 ppm 3
Ash Handling System Dry 15
Reinject Ash 1
Ash Disposal Method Landfill 14
Mine Reclamation 2
Ash Utilization Concrete/Flowable Fill 8
Other 4
Detectable Odor At Plant, Disposal, Uses 10
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Abstract

In this paper, effects of the operating pressure on ash formation
reported in the open literature have been reviewed. In particular, the
recent significant advances achieved at the Cooperative Research
Centre for Coal in Sustainable Development (CCSD) in Australia are
highlighted. The operating pressure significantly influences the size
and the chemistry of ash generated through its effects on the structure
of chars generated. Previous work has shown that pressure has
marked impacts on the volatile yield new work has shown that it also
impacts  particle swelling behaviour during devolatilisation and
hence the resulting char structure and morphology. Char particles
generated at elevated pressures have high porosity. These char
particles experience more extensive fragmentation during the
combustion and gasification, which leads to finer ash particles
compared to that formed at low pressures. At high pressure, the char
particles appear to burn faster. The char structure also determines the
ash liberation for the different combustion stages. The PSD of ash is
less sensitive to pressure during gasification process. Ongoing
research in the CCSD is determining the chemistry of the char and
ash generated in a Pressurised Entrained Flow Reactor (PEFR), and
has developed a mechanistic model to predict char structure and
hence ash properties.

Introduction

Advanced clean coal technologies, including pressurised
fluidised bed combustion (PFBC) and integrated gasification
combined cycle (IGCC) have attracted increasing technological and
scientific interests over the last decades [1]. These technologies
provide several advantages over the conventional coal firing
processes, including an increase in coal throughput, a reduction in
pollutant emission and an enhancement in the intensity of reactions
[1,2]. The recent previous work on coal pyrolysis [3-9], coal swelling
[10-14] and char reactivities [7,15-31], has revealed that the
operating pressure has marked impacts on coal swelling during
devolatilisation, and that char reactivity is enhanced at high pressure.
However, ash formation at elevated pressures has not been well
understood.

Studies of mineral matter transformation are motivated by the
concerns with performance of the utility boilers [32,33], such as
fouling and slagging. The ash formed during the gasification process
has been found to have a major effect on IGCC system design and
operation, slag formation and tapping, ash deposition in gas circuit,
heat exchange passes and fly ash collection equipment [I].

Fundamental knowledge of ash formation at elevated pressures is
therefore essential to the development of these technologies and to
the improvement of the performance of the pressurised reactors.

General mechanism of ash formation has been summarized in
the literature [33-35]. Many factors are known to control the
chemistry of the final ash particles during pulverised coal combustion
and gasification, including mineral content, mineral distribution
among pulverized coal particles, coal particle size distribution, char
structure and burnout mechanism, physical properties of the ash, char
fragmentation [32]. It should be pointed out that strong association
exists between ash formation and the char structure related behaviour
[36,47], such as char fragmentation [32,37,38] and the coalescence of
the included minerals [39]. Therefore, any factors that influence char
structure may impact the ash formation and chemistry.

Significant advances in the understanding of effects of the
operating pressure on the ash formation has been achieved through
the projects undertaken at the Cooperative Research Centre for Coal
in Sustainable Development (CCSD) of Australia. In particular, it has
been found that the operating pressure significantly influences the ash
formation mechanism through its effect on chemistry of chars formed
during the devolatilisation. In this paper, the effects of the pressure
on the devolatilisation behaviour of coal and the chemistry of the
final ash have been summarised.

Effects of pressure on the deveolatilisation of coal

Impacts of the operating pressure on pyrolysis behaviour of coal
have been extensively investigated[3-9], and documented [40-43]. In
general, pressure significantly influences the volatile matter yields,
coal particle swelling and the structure of the resulting char residues.
This further influences the char reaction rate [36] and the ash
formation mechanism [47].

Volatile matter yields

A pronounced reduction of the total weight loss and tar yields at
elevated pressures and temperatures has been observed using wire
mesh reactors or entrained flow reactors. The early investigations
carried out using Pittsburgh bituminous coal [44] showed that the
total volatile matter yield decreased with increasing the operating
pressure, and the effect was more distinguishable at high temperature.
Measurements on Pittsburgh No.8 coal by Suuberg et al [45] revealed
that as pressure increases the total volatile matter and tar yields
decreases whilst total gas production increases, as shown in Fig 1.
The published data at various conditions regarding the pressure effect
in the open literature have been summarised in Fig 2 [42].

<als Total volatiles yields

(weight %)

,| Tar

Hr. Hydrocarbon gases .I

Produc! yield

Pressure (atm)
Figure 1. Yields of volatile products vs. pressure during pyrolysis of

Pittsburgh No.8 coal at 1000°C [45]
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Figure 2. Volatile yields as a function of operating pressure [42].

It has been clear that pressure suppresses the formation and
release of tar, shifts the molecular weight of tar to the lighter fraction.
On the other hand, high pressure promotes secondary reactions,
whence increases the total yield of hydrocarbon gases. Because tar is
the predominant product of the volatiles, therefore the total volatile
matter yields decrease significantly at high pressure [40].

Coal swelling

Swelling is an important phenomenon during the devolatilisation
of bituminous coal, and has significant impacts on the coal
combustion properties. The effect of pressure on coal swelling has
been addressed and investigated in the recent decade [6,10,11,46,47].
Higher swelling has been observed using Australian bituminous coals
at pressures 0.5 to 1.5 MPa [48], as shown in Figure 3.
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Figure 3. Experimental results of swelling ratio of char samples from
Australian coal against pressures [48]

However, in general, the swelling ratio is not a monotonous
function of the pressure [36]. Experimental data showed that there
appeared an optimal pressure for the highest swelling ratio [6]. This
has also been predicted using different models [6,46,49]. Figure 4
compares the experimental data and the model predicted results. The
peak is most likely to appear at 0.5 to 1.5 MPa. That more gaseous
volatiles are trapped inside the coal particle due to the elevated
external pressure is the reason for the increase of the swelling.
However, some other factors are obviously doing some work, such as
viscous forces, extent of secondary reactions, surface tension, etc.
The implication is that the changes in the swelling due to the high
pressure are associated with the impact on the char structure. High

swelling will lead to a high porosity of the resulting char, and will
further influence the ash formation.
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Figure 4. Experimental data and model predictions on swelling ratio
of Illinous No.6 coal against pressures [6,46]

Char structure

Char structure formed during devolatilisation has been
extensively studied over the last decades. In the recent work [50-53]
by CRC for Black Coal Utilisation in Australia, char structures are
classified into three groups based on the morphological
characteristics of chars, as summarized in Table 1. The populations of
the different groups of chars for a given coal are strongly influenced
by operating conditions, including the ambient pressure of the
system.

Table 1. Char classification system [50,51,52,53]

Group I Group IT | Group III
Two-
dimensional
schematic
representation
Porosity, % >70 % Variable, <40 %
40-70 %
Wall thickness, <5 >5 >5
pm
Shape Spherical- Sub- Angular
subspherical | spherical
Typical >1.3 <1.0 <0.9
swelling ratio

Influences of the ambient pressure on char structure have been
investigated very recently, using Australian coals [47,54] and maceral
concentration samples [50], as shown in Figure 5 and 6. Clear trends
show that as the pressure increases the overall proportion of Group I
char increases whilst that of Group II and III chars decreases. In
particular, when pressure increases from 0.5 MPa to 1.5 MPa, the
Group I chars increase from 38% to 72% for the sample containing
high inertinite maceral. Chars with different structures tend to behave
differently during the subsequent char combustion or gasification.
Group I chars, due to the high porosity, can be more easily
fragmented, leading to the formation of finer ash particles. Therefore,
the changes in the population of the Group I chars have significant
influence on the final ash chemistry [47].

An empirical equation [54] has been proposed to correlate char
morphology to the ambient pressure and vitrinite content based on the
work by Benfell et al [50], and has been applied in predicting ash
formation [55,61]:

NGrp1 (%)=0.60P +0.530vitr +37

Where ngy is the number percentage of Group I char, P, is the

total pyrolysis pressure (atm), and vitr is the vitrinite content. A

Fuel Chemistry Division Preprints 2002, 47(2), 802



similar correlation has been given based on investigations on the
same maceral concentration samples to predict Group I char
population at different pressures by Benfell et al [50].
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Figure 5. Char characteristic of coal A (an Australian bituminous
coal) generated at different pressures [47]

Percent

Preszure
(IFa)

=}
=
=]
—_
O

Group

Figure 6. Percentages of Group I, I and III char for inertinite-
concentration (prepared at 1300°C and indicated pressures [50])

A mechanistic char structure model has recently been developed
based on bubble mechanisms [56]. The model has provided potential
capacity of predicting pressure effect on swelling and char structure
evolution from standard raw coal properties. An ongoing project in
the CCSD, Australia, is looking at the char and ash characteristics
collected in a Pressurised Entrained Flow Reactor (PEFR) at high
pressures and temperatures [57].

Effect of pressure on char reactions

It has been known that char structure plays an important role in
the char burnout. In general, in regime I, porous char particles (Group
I) burn at a faster rate compared to the solid chars (Group III). In
regime II, porous char burns at similar rate to the solid one. However,
the porous char has experienced more extent of devolatilisation
resulting in much high weight loss. The mass of carbon in the porous
char is much less than that in the solid char. Therefore, the porous
char will burn out at the earlier stage of the combustion [47]. Figure 7
shows predicted burning rates of Group I and III chars [36].

An important aspect in the char reaction is the fact that porous
char particles are easily fragmented in combustion. The tendency of
the fragmentation of the different chars has major impacts on the
chemistry of the final ash particles (47). It has been observed that
chars generated at elevated pressure have higher porosity, as shown

in Figure 8. The increased porosity results in more chance of char
fragmentation during the char combustion (35,47).
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Figure 7. The predicted mass fraction of remaining char vs. residence
time for Group I and Group III char particles [36].
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Figure 8. The predicted mass fraction of remaining char vs. residence
time for Group I and Group III char particles [35,47].

The effect of pressure on the char reaction has been extensively
studied in the past a few decades, and has been reviewed by Wall et
al [36]. Table 2 summarises the data for the effect of pressure on char
reactions provided in the open literature.

Table 2. Summary of pressure effects on various aspects of char

reaction [Modified from 36]

Aspects The effect of pressure Ref.
Char Rate 1 with increasing O, partial [64,65]
combustion | pressure at a fixed total pressure
Char Rate first 1 then | with increasing [64,65]
combustion | total pressure at a fixed O, mole
fraction
Char 1 with increasing O, partial pressure | [66]
temperature | at a fixed total pressure
Char Rate 1 with increasing reactant gas [30,67,
gasification | pressure 68]
Char | with increasing pyrolysis pressure | [10,15,
reactivity 29,69]
Swelling First 7 then | with increasing [11,14,
pyrolysis pressure 35]
Bulk | with increasing total pressure [70]
diffusivity
Char 1 with increasing total pyrolysis [35,47,
porosity 53]
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Effect of pressure on ash formation

Very little data have been provided in the open literature in
relation to ash formation at pressure. An increase in the system
pressure results in a decrease in the vaporization of ash species
[39,47,59,60]. However, the char fragmentation and the coalescence
of included minerals in the char particle are the main mechanisms of
ash formation during bituminous coal combustion [47]. Very
recently, a number of Australian coals have been used in examining
pressure effects on ash liberation [58]. Strong association has been
found between the ash formation and the char structure, and the
mechanism for ash formation from different char types has been
proposed [47,58].

Ash liberation at high pressures

The characteristics of the liberated ash particles reflect the
dominant ash formation mechanism at different burn-off levers (47).
Figure 9 indicates that there was almost no change between the PSD
of the liberated ash between burnoff levels of 54.3% and 35.5%. At
the middle combustion stage where the burnout level is 70%, the
percentage of liberated ash particles in the sample increased, and the
PSD of liberated ash shows that char fragmentation was still the
dominant mechanism for ash formation during combustion from
54.3% to 70.1% burnoff levels. However, the PSD shifts to a slightly
larger size. The change in PSD of liberated ash implies that some
coalescence of included mineral matter occurred at this burnoff level.
At an 87.1% burnoff level the PSD for the liberated ash increased
significantly compared to the 70.1% burnoff level. This suggests that
included mineral matter experienced more significant coalescence
during this stage. At the 95.6% burnoff level, the majority of the
particles in the sample are presented as liberated ash (about 80%).
The largest shift in the liberated ash PSD was observed indicating
that the most significant extent of coalescence for included mineral
matter occurred during this stage.
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Figure 9. Characteristics of combustion solid residues (at 0.1
MPa) at different burn-off levels [47,58]

Combustion solid residues at different burn-off levels were also
analysed under SEM [47,58]. Clear trends are presented in Figure 10
that the level of ash liberation increases with an increased level of
burn-off. No apparent liberated ash particles were observed at a burn-
off level of 35.5%. At a burn-off level of 54.3%, which corresponds
to the early combustion stage, some free ash particles were observed.
Significant char fragmentations were also observed at this burn-off
level [36]. The number percentage of liberated ash particles increases
from around 11% at 54.3% burn-off to 82% at 95.6% burn-off level.
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Figure 10. Characteristics of combustion solid residues (at 0.1 MPa)
at different burn-off levels [47,58]

However, no experimental data are available to compare the
pressure effects on the ash liberation at the same burn-off level.
Although chars produced at high pressure have high porosity, whence
are expected to experience more extensive fragmentation during
combustion [47]. Other previous studies [62,63] have also shown that
fragmentation is strongly associated with the porous char structures.
Highly porous char tends to fragment frequently.

Chemistry of the high-pressure ash

Wu et al [35,47] have studied the chemistry of the ash produced
during the combustion of Australian bituminous coals at four
different pressures. The morphology of the ash particles examined
using SEM is shown in Figure 11. The SEM images clearly show that
as pressure increases from 0.1 MPa to 1.5 MPa considerably higher
numbers of finer ash particles are formed.

(c). 1.0 MPa

(d). 1.5 MPa
200 pm
Figure 11. SEM image of ash particles of coal A collected at
different pressures [35,47]

The results for ash particle size distribution (PSD) were
measured for the same Australian coal, and are presented in Figure
12. When pressure increases from 0.1 MPa to 1.5 MPa, the PSD of
the ash shifts to smaller particle sizes, indicating that the ash formed
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at higher pressures has a much finer size. Sink/float analysis shows
that over 70% of the mineral matter in coal is present as included
species [36]. Figure 13 compared the results of PSD measurements of
the ash for another two Australian coals, and the similar trends were
observed. However, the PSD of the ash formed during gasification is
expected to be less sensitive to the system pressure [47].

100

% g0 +—R S

B -

E - = 15MPa ||

s _.-'}"A -------- 1.0 MPa

40 M’ [

& i \ ----- 0.5 Mpa

E '.‘* Pressure

5 20 4 0.1 MPa [
0 : . : . — : : :

0 10 20 30 40 50 6 70 8 9 100
Particle size (um)

Figure 12. PSD of ash formed from combustion of coal A in air at
pressures indicated [35,47].

100

gﬂ 80 =
El=;! . ".
E 60 - Nineral matter incoal B |
g (/N B Ash(B. 1.5MPa)
< 40 -
v ===+ Ash(B,0.1 MPa)
= — Mineral matter in coal C
= ¥
E 2077 Ash(C. 1.5 MPa)
= : Ash(C.0.1 MPa)

0 - - . - |

0 10 20 30 40 50 60

Particle size (um)

Figure 13. PSD of ash formed from combustion of coal B in air at a
gas temperature of 1300 °C and the pressure indicated [47]

Char structure has been found to be a significant linkage
between pressure and ash formation [36, 47], and the char
fragmentation and the coalescence of the included minerals are
dominant ash formation mechanism during the bituminous coal
combustion [47]. At 1.5 MPa, the char sample contains mainly Group
I particles with high porosity. However, at 0.1MPa, it is dominated
by the Group II and III type particles with relatively low porosity.
During combustion, Group [ chars will undergo extensive
fragmentation, reducing the coalescence of the included minerals, and
therefore producing a large number of smaller ash particles. For
Group III char particles, the chance for fragmentation is much less.
There is a much higher probability of coalescence for the included
minerals, resulting in the formation of ash particles with larger sizes
during combustion. The ash formed from Group II particles will
therefore be of a size between that of Group I and III derived ash
particles.

Mechanism of ash formation at high pressure

A mechanism for the ash formation, as shown in Figure 14, has
been proposed very recently by Wu et al [35, 47], where the char
fragmentation and the coalescence of the included minerals play the
dominant role. Based on this study a comprehensive ash formation
model including this char structural mechanism has been recently
presented to predict ash deposition [61].
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Figure 14. Proposed mechanisms for ash formation from different
char types [35,47]
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From Figure 14, Group I type char particles fragment
extensively during the early and middle combustion stages and burn
out early. The extent of coalescence for the included mineral particles
in the Group I char is very low. Therefore, one Group I type char
particle may produce a number of small ash particles, resulting in a
small PSD for liberated ash. Group II type char particles fragment
less compared to the Group I type char particles. Char fragmentation
is still the dominant mechanism for ash formation but the included
mineral particles undergo some coalescence. One Group II type char
particle may produce several ash particles with a relatively larger size
compared to the Group I type char particle, resulting in an increase in
PSD of the liberated ash during the middle burnout stage. Group III
type char particles exhibit low or no fragmentation. The included
mineral particles undergo a large extent of coalescence. One Group
III type particle may form only one or two ash particles of a larger
size compared to Group I and II type char particles, resulting in a
significant shift to larger size of the liberated ash PSD during the late
combustion stage. At high pressures, larger amounts of highly porous
char particles are generated. Therefore more finer ash particles are
formed. This ash formation mechanism provides a mechanistic
explanation for the observations under pressurised conditions.

Conclusions

Recent studies have demonstrated that the operating pressure has
significant impacts on ash formation during pf combustion and
gasification due to its relationship with char character. At elevated
pressures, more swelling and higher porosity of chars are observed,
and a maximum swelling seems to occur at an optimal pressure.
Larger population of Group I chars are formed at higher pressure and
finer ash particles tend to be generated due to the formation of more
porous chars. The formation mechanism for the finer ash during
combustion results from more significant fragmentation and less
coalescence of included minerals within the porous chars.
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MECHANISM OF ADSORPTION SUPRESSION

Xu Chen, Yuming Gao, Indrek Kulaots, Eric Suuberg, Robert Hurt

Division of Engineering, Brown University
Providence, RI, 02912 USA

Introduction

The largest and most lucrative market for coal combustion fly ash is
as a pozzolanic additive in concrete where it serves as a partial
replacement for cement 2. A previous paper documented the
beneficial effect of ozone treatment on the air entrainment behavior
of concrete made with carbon-containing fly ash®. Ozone is capable
of reacting with residual carbon surfaces in ash at or near room
temperature to produce surface oxides that reduce the adsorptivity of
the ash toward air entraining admixtures (AEAs), the surfactant
solutions used in air entrained concrete®. There have been a number
of other studies of ozone reaction with various carbon materials,
including graphite, carbon fibers, and carbon sorbents. In these
studies the applications range from the destruction of ozone waste
streams, to the depletion of atmospheric ozone, to surface treatment
(of carbon fibers) for improved interfacial bonding in composite
materials.

The original paper on fly ash ozonation® documented the decrease in
adsorptivity following ozonation, and presented an argument that the
underlying mechanism is change in surface chemistry, since the
amount of bulk carbon consumed by oxidation is trivial under the
conditions employed. The present paper examines the mechanism of
adsorption suppression in more detail, focusing on carbon black as a
model substance whose surface oxides can be characterized more
readily than those on native residual carbon, which is a minority
component in an solid mixture (fly ash) rich in inorganic oxides.
The paper also includes data on other, well-characterized surfactants
in an attempt to identify the precise mechanism through which ozone
treatment suppresses adsorption from aqueous solution.

Experimental

The laboratory upflow fixed bed used for ambient temperature
ozonation has been described in detail the previous publication'.
Controlled ozone concentrations from 500 ppm - 2 vol-% were
generated in air and passed upward through fixed beds of ash or
carbon black (5 - 200 gms), for fixed contact times (1 minute - 20
hrs), while outlet ozone concentration was monitored in real time.
The treated carbon surfaces were examined by XPS (Evans East
Laboratories), by vapor adsorption techniques, and by wetting
experiments (Kruss USA) using standard liquids used to determine
surface energies by application of the Owens-Wendt theory®.
Adsorptivity was determined by titration using methods described
previously”® using Darex II (anionic resin-derived AEA), SDS (a
standard anionic surfactant), and Tergitol (a commercial non-ionic
surfactant).

Results

The experimental results are presented in Tables 1-3 and Figure 1.
The XPS results in Table 1 show greatly enhanced oxygen contents
in the near-surface regions of carbon black samples ozonated under
the same conditions used for fly ash carbon. High-resolution spectral
analysis of the high-binding energy tail of the Cls peak reveals

increases in C-O, C=0, and O-C=0 functionalities with only subtle
differences between thermal (air) oxidation and ozonation.

Table 1. XPS results on carbon black

Sample Atom-% O* Atom-% C*
Untreated
carbon black 1 98
air oxidized
at 440 C, 8 hrs
(20% weight loss) 7 92
2% ozone,180 min
(600 gm-O3/kg-C) 10 89

* near-surface elemental compositions; balance sulfur

Surface energy analysis in Table 2 show greatly enhanced polar
contributions in carbon black samples ozonated under the same
conditions used for fly ash carbon. Air oxidation at 440 C is also
seen to increase surface polarity and to decrease adsorptivity, but to a
lesser extent than ozonation. The dispersive component of surface
energy is observed to increase as well, though only slightly, so the net
effect of oxidation is a rather large increase in total surface energy
(polar plus dispersive). Figure 1 shows that the effect of ozonation is
similar for two model surfactants as for the for the commrecial AEA
that has been used in the studies to date’.

Table 2 Surface energies® of carbon black samples oxidized
under similar conditions to the fly ash carbon.

surface dispersive  polar  surfactant

Sample energy component component adsorpt.
(mJ/m2) (mJ/m2)  (mJ/m2) (ml)

Untreated

carbon black 21.8 20.9 0.9 10

air oxidized

at 440 C, 8 hrs 27.0 22.7 43 35

2% ozone,90 min

(430 gm-O3/kg-C) 324 24.4 8.1 2

* determined by Owens-Wendt theory* using benzyl alcohol
and nitromethane as standard reference liquids.

14
0.8
0.6 111
A/Ao
0.4+
0.2
0 a1
raw ozone, ozone, 0zone,
Darex SDS Tergitol
AEA

Figure 1. Effect of ozonation on the foam index of carbon black
using three different surfactants: Darex II (resin-derived AEA), SDS
(commercial anionic), Tergitol (commercial non-ionic). A/Ao is the
adsorptivity determined by titration divided by the adsorptivity of the
sample prior to ozonation.
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Table 3 shows the effect of ozonation on total surface area. For ash
#1, total area (by N, BET) is not materially affected by ozonation.
Ash #2 shows significant area reduction, (similar to that observed by
Deitz and Bitner™® during ozonation of charcoa), but not nearly
enough to fully explain the large decreases in surfactant adsorptivity.
Both surface area reduction and modification of surface chemistry are
thus believed to contribute to the passivation for ash. Ozonation of
carbon black produces a slight increase in area, but a similar effect on
adsorptivity (see discussion).

Table 3: Properties of Raw and Ozonated Ashes

Specific Surfactant  Carbon Surface
Adsorptivity Area (N BET)

(m2 / gm-carbon)

Ash sample

(ml / gm-carbon)
Ash #1, class F, from

bituminous coal, 33% LOI 2.8 50.4
Ash #1 ozonated 1.0 53.4
Ash #2, class F, from

bituminous coal, 6.1% LOI 3.9 51.3
Ash #2 ozonated 0.8 38.1
Ash #2 heavily ozonated 0.0 26.3
Ash #2 heavily ozonated 3.0 not
then heated at 1000 ©C in He measured
Carbon black, raw 10 38
Carbon black, ozonated 2.5 40

(600 g-ozone/kg-C)

Discussion
At the outset of this study, there were four candidate mechanisms to
explain the observed suppression of adsorptivity by ozone:

1. “pore blockage” — surface oxide formation decreases total area by
physically blocking pores or pore mouths.

2. “electron withdrawal” — the addition of electronegative oxygen
atoms to graphene layers withdraws electron density from the
aromatic systems and reduces dispersion forces that bind the
surfactant to the surface.

3. “electrostatics” — the acidic nature of most carbon surface oxides
leads to a negatively charged surface in the high-pH concrete
solution. The net negative surface charge repels the AEA molecules
which are anionic (negatively charged) surfactants.

4. “reduction of hydrophobic forces” — introduction of oxides
destroys non-polar surface area that is responsible for adsorption,
leaving only polar surfaces that are hydrophilic and solvated
(hydrogen bonded to water) and thus effectively unavailable for
surfactant adsorption.

One or more of the latter three mechanisms are often cited to explain
the observed effects of surface oxidation on activated carbon
adsorption from solution’. The present work allows us to evaluate
these completing explanations. Mechanism 1 (pore blockage) is a
likely contributor for at least some fly ash samples, since Table 3
shows a case in which ozone treatment markedly reduces total area.
It is not believed to the primary mechanism, however, since carbon
black exhibits the same beneficial effect of ozonation, but does not
show decreases in area (see Table 3). The different area behavior of

carbon black and fly ash carbon is not surprising, since most area in
carbon black is mesoporous, lying on the external surfaces of the
nanoscale primary spheres, thus giving little opportunity for
micropore blockage by surface oxides.

Mechanism 2 (electron withdrawal) can be ruled out by the surface
energy results derived from wetting studies (Table 2). Ozonation is
seen to add a polar component to the surface energy without
decreasing the dispersive component. Indeed the dispersive
component increases slightly and the overall effect is a large increase
in total surface energy. Thus we expect ozonation to slightly enhance
the dispersive attractive forces for adsorption, not suppress them.

Mechanism 3 (electrostatics) can be ruled out as the primary driver
since the same effect of ozone is also observed when using the non-
ionic surfactant Tergitol (Fig. 1). This uncharged molecule should
not be greatly affected by changes in net surface charge.

Mechanism 4 (reduction of hydrophobic forces) is believed to the
primary mechanism, in part by process of elimination and in part
from basic considerations about the nature of surfactants. Unlike
other soluble organics, surfactants have a highly insoluble nonpolar
part (“tail”), which is strongly driven by hydrophobic forces to leave
the aqueous phase. It thus collects at the air interface, chiefly in
bubble cavities, and on any other available non-polar surface.
Because of its very low solubility (high hydrophobic forces) we
believe the surfactant is not particularly selective about the nature of
the non-polar surface and does not require strong adsorption
interactions. Indeed in the case of the air interface the surfactant
molecules collect by hydrophobic forces alone, with no attractive
forces present between the surfactant and the interface whatsoever.
We therefore believe that the adsorptivity of carbon is directly related
to the fraction of its surface that is non-polar regardless of its other
characteristics. Ozonation destroys this non-polar surface and
replaces it with oxidic surface that is hydrophilic and capable of
strong hydrogen bonding with the solvent. Since adsorption from
solution is intrinsically a competitive process in which the surfactant
and solvent (water) compete for sites, the water molecules have a
strong advantage over the surfactant molecules on oxide-covered
surfaces and the overall effect is supression of the surfactant
adsorptivity.
Acknowledgments.  Financial support for this work was
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Introduction

An understanding of the forms of ammonia captured by
combustion fly ash in response to selective catalytic reduction (SCR),
selective non-catalytic reduction (SNCR), and flue gas conditioning
(FGC) for ESP particulate separation conditions has been the focus
of work at the Center for Applied Energy Research. The thermal
release properties of ammonia from 8 ashes produced at power plants
using SCR, SNCR, and FGC conditions were found to have widely
different onset and peak evolution temperatures suggesting different
forms of captured ammonia'. A study of two ashes, one produced
under SCR and the other under SNCR conditions confirmed
significantly different onset and peak thermal release temperatures as
well as major differences in the associations between ammonia,
sulfate, and residual carbon and ammonia thermal release rates’.
Further work to understand the influence of SCR and SNCR in
determining the form of ammonia captured by combustion ashes
indicated that ammonia was primarily associated with sulfate in both
SCR and SNCR ashes. The ammonia in SCR ash was less stable
showing changes in its association with sulfate and thermal release
properties with the length of time from combustion; whereas,
ammonia in SNCR ash remained relatively unchanged *.

The focus of the current work was to identify the specific form
of ammonia in SCR, SNCR, and FGC ashes and to investigate the
influence of the ash matrix on the thermal release of the captured
ammonia. Comparisons were made between ammonia released from
ash, ammonium salts and salts blended with model matrices.

Experimental

Materials. Three ashes were used from utilities employing
either SCR, SNCR, or FGC. The ashes were kept in airtight
containers from collection and throughout the study. Materials used
as model substrates were alumina and ash heated to 900°C in a
muffle furnace.  Recently purchased 99.9% pure ammonium
hydrogen sulfate (AHS) and ammonium sulfate (AS) were used alone
and blended to 500 ppm NH; with the model substrates.

Analytical Methods. The ash samples were subjected to
ammonia determinations by an ion selective electrode method”.
Elemental analysis for C, H, N, S and loss on ignition (LOI)
determinations were done by standard procedures.

The thermal properties of ammonia release from the ashes,
pure salts, and the blends were determined by thermal analysis —
mass spectrometry (TG-MS) using a Netzsch Jupiter STA 449C
thermal analyzer coupled to a Balzer Thermostar QMS. The sample
size was 500 mg for the ashes and salt blends and 2 mg for the pure
salts. Other TG conditions have been previously described'™. Each
sample was run in triplicate to confirm reproducibility.

Mass spectra were acquired every 10 seconds in multiple ion
detection (MID) mode. Identification of ammonia was done by
calculating the ratio of the MS signals for mass 17 (primary mass for
ammonia) divided by mass 18 (primary mass for water).

Results and Discussion
The chemical characterization of the combustion ashes is shown
in Table 1.

Table 1. Chemical Characterization of Study Ashes

SCR SNCR FGC
ppm NH; 630 330 245
%C 0.9 322 6.9
%H 0.08 0.07 0.04
%N 0.01 0.5 0.06
%S 0.9 0.3 0.2
LOI 48 28.6 8.1

The ammonia evolution profiles from the SCR, SNCR, and FGC
ashes are shown in Figure 1. Different ammonia release patterns
were found consistent with previous results from our laboratory'™.
Onset temperatures for ammonia evolution form the three ashes were
200, 260, and 300°C for SCR, FGC, and SNCR ashes respectively.
In all cases, SO,, a decomposition product of sulfate, was determined
by MS to be the primary gas released from the ash which was
associated with ammonia.

amu 17/18 ratio

100 200 300 400 500 600

Temperature, °C

Figure 1. Ammonia evolution from SNCR, FGC, and SCR ashes.

Previous work suggested the two likely candidates for the
ammonia storage vehicle in combustion ash is AHS or AS'.
Therefore, these two ammonium salts and their mixtures in model
matrices, alumina and ammonia-free ash, were subject to the same
heating regimes as the ashes (Figure 2 and 3). The concentration of
the ammonia in the blends was 500 ppm so as to be in the same
concentration range as the ashes. In order to avoid problems
associated with overwhelming the MS detectors and from the
condensation of SO, in the heated capillary transfer line from the TG
furnace to the MS, only 2 mg of the pure salts were heated. Both
these factors can affect the detected ammonia release properties.
These issues and the integrity of samples of AS and AHS used in a
previous study', raised concern about the validity of our earlier
results for the ammonia release temperatures for these salts. Newly
acquired chemicals were, therefore, used in this study. AHS alone
decomposed at a higher temperature than AS. Ammonia release
started at 390°C vs 210°C for AS. This was a reversal of previous
results which indicated a lower decomposition temperature for AHS
and justified our concerns with the ammonium salts previously used
in our laboratory. Presently, a number of ammonium sulfates from
different sources are being compared.

Decomposition of AHS only occurred in one step both with
respect to weight loss and detection of ammonia by the MS.
However, blending with either alumina or ash markedly changed the

Fuel Chemistry Division Preprints 2002, 47(2), 834



0.9
0.8 - AHS alone
Yy
- M.’.
0.7 v

amu 17/18 ratio

100 200 300 400 500 600

Temperature, °C

Figure 2. Ammonia evolution for AHS alone and blended with ash
and alumina.
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Figure 3. Ammonia evolution for AS alone and blended with ash
and alumina.

ammonia evolution and weight loss profiles. The model matrices
when subjected to TG-MS had weight losses of less than 0.2% which
was related to surface moisture and no other evolved gases except for
a small amount of high temperature SO, for the pre-heated ash.
Therefore, weight loss and MS for the blends could be attributed to
the inclusion of the ammonium salt. The ammonia release onset
temperature, 260°C, was significantly lower for the mixes. Weight
losses for the blends were spread over a longer duration with three
pronounced steps detected for both model matrices indicating
possible interactions between the decomposition products and the
matrices. Mass transport considerations of the products passing
through the matrix might also be a factor. SO, evolution occurred
concurrent with ammonia except for the ammoniated alumina in
which case SO, was detected after the ammonia release.

For the decomposition of AS, no difference in ammonia release
onset was observed between pure and the blends. In all cases
ammonia released occurred in three peaks, two major and one minor
peak. Weight loss profiles were also similar with three steps. SO,
evolution was not associated with the first peak of ammonia for AS
pure or mixed with pre-heated ash but was detected with the second
and subsequent release of ammonia. Similar to the AHS, SO,
evolved after ammonia when AS was blended with alumina.

Comparisons of the SNCR, SCR, and FGC ashes with the
salt/ash mixtures are shown in Figure 4 and 5. There was very good
agreement of ammonia evolution for the SNCR and SCR ashes with

ammonia evolution from the AS/ash and AHS/ash blends
respectively (Figure 4). Ammonia evolution from the FGC ash
occurred from 260 to 440°C encompassing portions of the
temperature ranges for ammonia released observed for the SNCR and
SCR ashes and corresponded best to the ammonia evolution profile
acquired from a mixture of the AS/ash and AHS/ash blended together
(Figure 5).

Conclusions

Comparison of TG-MS data for ammonia evolution from SNCR,
SCR, and FGC ashes to the decomposition of AS and AHS salts, both
pure and blended in alumina and ammonia-free ash suggested that
the forms of ammonia captured in SNCR, SCR, and FGC were AS,
AHS, and both AS plus AHS respectively. The ash matrix plays a
significant role in the thermal characteristics of ammonia evolution.
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Figure 4. Comparison of ammonia evolution from SNCR and SCR
ashes with ammonia release from salt/ash blends.
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Figure 5. Comparison of ammonia evolution from FGC with

ammonia release from salt/ash blends.
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INTRODUCTION

Most of the three million tons of fly ash produced each year
from burning Illinois bituminous coals are being ponded or landfilled,
causing continuing solid-waste disposal problems and added costs.
Developing technologies that would use large amounts of coal fly ash
could help reduce the cost of using Illinois coal as a fuel.

With support from the Illinois Clean Coal Institute and the
[llinois Department of Commerce and Community Affairs, researchers
at the Illinois State Geological Survey and the University of Illinois
have been working with brick manufacturers to develop a
commercially viable product that could result in a value-added use for
the millions of tons of Illinois coal fly-ash.

In this on-going research and development program to
produce fired face bricks, Phase I (year 1; 1999-2000) focused on
assessing the technical feasibility of the process by maximizing the
amount of fly-ash included in the other raw materials for fired-brick
production and conducting a preliminary economic evaluation.
During this phase, about 800 bar-size bricks were produced for testing.
Phase II (year 2; 2000-2001) of the project involved a
commercial-scale production demonstration focused on typical
products meeting commercial specifications. During Phase 111 (year 3;
2001-2002) the ISGS-UIUC team has been working with the brick
industry to conduct up to five more commercial-scale production
demonstrations to help advance the commercialization of the process.

This paper describes the results of small-scale tests on a fly
ash sample collected at Central Illinois Light Company’s (CILCO’s)
Edwards power station in Illinois.

1,2,3

MATERIALS AND METHODS

The raw materials were samples of the dry fly-ash collected
from the electrostatic precipitator at the power plant, and clay, and
shale from Global Clay Marseilles (GCM), a brick manufacturer in
[llinois. The clay and shale were the standard raw materials used by
that brick manufacturer.

The chemical and mineralogical compositions of the 3 raw
materials and of fired products were characterized by X-ray
fluorescence (XRF), inductively coupled plasma-atomic emission
spectroscopy (ICP-AES), cold vapor atomic absorption, and neutron
activation analyses. To determine whether test bricks made with
various amounts of fly ash added to the standard raw materials met
standard commercial specifications, engineering tests based on ASTM
method C67-94* were performed. Parameters measured include
unfired (green) and fired compressive strength, 24-hour cold water
absorption, and efflorescence.

PRODUCING TEST BRICKS

Brick-forming and brick-firing tests were conducted using
the laboratory and plant facilities at GCM. The extrusion method was
used to form green bricks before firing. Test bricks were produced with
increasing amounts of fly-ash (from 50% to 70 wt%) as a replacement
for conventional raw materials. Four different mixtures for forming

Fuel Chemistry Division Preprints 2002, 47(2), 839

brick bodies were tested: A) 50% shale and 50% clay (no ash), B) 50%
ash and 50% clay, C) 60% ash and 40% clay, and D) 70% ash and 30%
clay. For each mixture, thirty test bricks with a dimension of 1" x 1" x
4" were produced. Test bricks of these dimensions are acceptable for
engineering evaluation purposes, according to the McCreath Lab, Inc.,
the certified laboratory that conducted the engineering tests on the
bricks samples.

RESULTS AND DISCUSSION

The chemical compositions of the fly ash, clay and shale raw
materials, expressed as metal oxides, and their unburned carbon
contents as determined by loss on ignition (LOI), are compared in
Table 1. The data show a fair consistency in the metal oxide
compositions and LOI values. For all three materials, the sum of the
three major oxides (SiO,, Al,O;, and Fe,O;) exceeds 80 wt%.
However, the clay and shale have lower alkali metal contents.

The unfired (green) compressive strength of test bricks made
without fly ash (mixture A) was 400 psi, whereas compressive
strengths of 350, 340, and 290 psi were obtained for bricks made with
50 wt% fly ash (mixture B), 60 wt% fly ash (mixture C)) and 70 wt%
fly ash (mixture D), respectively. Satisfactory extrusion results were
obtained for bricks made both with and without fly ash, suggesting that
any mixtures with green compressive strengths ranging from 290 to
400 psi will provide reasonably good extrusion results. Engineering
data on cold water absorption (%), apparent porosity (%), bulk density
(gm/cc), eftlorescence, and ASTM grade for fired test bricks made
without fly ash and with ash substitutions of 50, 60 and 70 wt% are
given in Table 2. Figure 1 compares the fired compressive strengths of
the 4 types of test bricks.

Table 1. Chemical Composition and LOI Content of the Raw

Materials

Fly ash Clay Shale

(Wt%) (Wt%) (Wt%)
SiO, 48.96 57.10 63.30
ALO; 22.47 25.04 16.65
Fe,04 13.34 2.33 6.54
TiO, 1.19 1.38 1.02
MnO 0.02 <0.01 0.07
MgO 0.86 0.53 1.79
CaO 1.35 0.46 0.39
Na,O 1.50 0.02 0.92
KO 2.36 1.42 3.14
P,05 0.19 0.07 0.12
Cn,0; 0.03 0.03 0.02
LOI 6.64 8.84 4.49
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Figure 1. Fired compressive strength for standard no-fly ash brick and
fly ash-containing bricks.

Table 2.Engineering Data of Fired-Test Bricks

Compositions of Fired Test Bricks

A B C D

(no ash) | (50 wt%) | (60 wt%) | (70 wt%)
% of cold water 7.9 7.0 6.9 8.4
absorption
Porosity, % 20.2 18.5 19.9 22.0
Bulk density, 2.09 1.99 1.96 1.92
gm/cc
Efflorescence yes no Yes yes
ASTM grade SW SW SW SW

The ASTM C 62-94° specification for building bricks sets
3,000 psi as the minimum fired compressive strength for Grade SW
(severe weather) brick. The specification further indicates that if the
cold water absorption value for the brick is less than 8 wt%, there is no
need to determine the boiling water absorption and maximum
saturation coefficient. The engineering properties of test bricks made
with the various ash substitutions (Table 2 and Figure 1) met the
ASTM C 62 specifications and, in general, the bricks made with added
fly ash are comparable to bricks made from the clay and shale
materials alone. It is of particular note that the fired compressive
strength of the test bricks increases with the amount of fly ash
substituted into the raw materials. The efflorescence results showed
that the ash-containing bricks were brighter (better quality) than those
made with conventional brick material.

CONCLUSION

The chemical properties of typical fly ash produced by
burning Illinois coal, are similar to the properties of the clay and shale
that are the standard raw materials for making bricks in Illinois. Test

bricks made with and without fly ash met or exceeded minimum
specifications for commercial fired-bricks. Test bricks made with
amounts of fly ash as great as 70 wt% substituted into the raw materials
had greater fired compressive strengths than test bricks made without
fly ash. Overall, the fired test bricks made with fly ash showed greater
resistance to damage than the bricks made without any fly as and,
according to ASTM specifications, belong to Grade SW, suitable for
use under severe weathering conditions.
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Introduction

Ash deposition is a significant concern associated with pulverized
coal combustion. One factor believed to affect the extent of deposition
is the size distribution of the ash particles formed during combustion.
Ash particle composition is also believed to be an important factor
because the variation in individual particle compositions will lead
directly to a variation in molten ash particle viscosity and therefore
will affect ash deposition. Predictive models that can provide an
accurate representation of ash particle size and composition
distributions are therefore a necessary tool in evaluating the deposition
potential of individual coals.

Ash particles formed during combustion derive from the
inorganic minerals in the coal, minerals that can be present either as
excluded minerals (discrete minerals separate from the coal) or
included (associated with the organic portion of the coal) *¢. While
models have been developed to predict ash particle size and
composition distributions during combustion, there has been no
significant effort to address the potential importance of excluded
minerals. In this paper, the use of an ash particle formation model to
systematically address the effect of excluded minerals on ash particle
formation is presented.

Simulation

The model used to predict ash formation is derived from earlier
models that are based upon the concept of mineral redistribution and
coal particle reaction.’” Necessary input data include mineral size and
composition data from computer controlled scanning electron
microscopy (CCSEM) and coal ultimate and proximate analyses.

In this study, the amount of excluded mineral matter was varied
systematically from 1% to 90% on a number basis. Identical size
distributions and composition distributions were assumed for both the
excluded and included minerals in all cases. An ash content of 7.4
weight percent was assumed, and the coal properties were taken to be
those of a Kentucky bituminous coal.

The effect of coal particle swelling (cenosphere formation) was
considered by examining a non-swelling coal and two swelling coals
(swelling index of 1.1 and 2.0) as shown in Table 1. Ash particle
formation calculations were conducted under conditions of full
mineral coalescence. The assumed particle size distribution and
composition of the coal mineral matter are also shown in Table 1.

Table 1. Coal characteristics and combustion conditions

Stoichiometric Ratio: 1.2
Coal: Bituminous
T gas: 1538°C
Swelling Index: 1,1.1,2
Proximate (wt%, as received)
Fixed Carbon 56.5
Volatile Matter 33.8
Ash 7.4
Moisture 33.8
Mineral Composition (%vol)
Quartz 12.6
Kaolinite 26.2
Illite 15.3
Miscellaneous Silicates 30.0
Pyrite 34
Others 14.5
Mineral Size Distribution (%vol)
2 um
4 um 18.4
8 um 28.2
16 um 18.4
30 um 18.1
6.8
60 wm 57
80 um 3.9

Results and Discussion

As the amount of excluded mineral matter in the coal increased
(for fixed swelling index), the fraction of ash particles present in the
smallest size range (2 and 4 um) also increased as shown in Figure 1.
This is indicative of the decrease in coalescence expected at lower
fractions of included minerals. Increased fragmentation of excluded
minerals may also be contributing, although the amount of reactive
minerals present in this particular coal (i.e. pyrite) is relatively small.
This behavior was observed for all three swelling indexes (Figures 2
and 3). This was again attributed primarily to a decrease in mineral
coalescence, with fragmentation possibly contributing as a secondary
effect. This is consistent with the calculations of Yan et al.’, who
found that fragmentation was more important for the excluded
minerals. In general, fragmentation is viewed as being more
important for reactive excluded minerals such as pyrite and calcite but
not significant for clays.’?
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Figure 1. Ash size distribution for a coal with SI = 1.1, at different
excluded % (number basis).
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Figure 2. Ash size distribution for a non-swelling coal (SI = 1.0), at
different % excluded (number basis).
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Figure 3. Ash particle size distribution for a swelling coal (SI = 2.0),
at different % excluded (number basis).

As expected, changes in the fraction of excluded mineral matter
also affected the composition distribution of the resulting ash. The
aluminosilicate category (SiAl) represents aluminosilicate derived ash
particles that have no third element (for example, K or Ca) present at
concentrations greater than 6%. As coalescence increases, the
amount of such ash particles is therefore expected to increase.
Examining the data in Figure 4, there is a clear decrease in
aluminosilicates (SiAl) as the fraction of excluded mineral matter
increases. The higher concentrations of excluded minerals thus allows
for increased retention of silicates (Si) and other associations like
potassium aluminosilicates (SiAIK) and iron aluminosilicates (SiAlFe).

80
70
60 1

50 @ Minerals
3 m1%
2 404 °
B 30 | 050%
20 | 090%
O 4

SiAl Si SIAIK SiAlFe Fe Others

Figure 4. Ash composition for a swelling coal (SI = 1.1), at different
% excluded (number basis).

Notes:

- “Miscellaneous silicate” minerals were included as SiAlFe.

- “Others” include miscellaneous carbonates, phosphates and sulfates; siderite
and calcite.

Comparing the concentrations of specific ash particle types with
the parent minerals (i.e., comparing illite with the SiAIK in the ash), it
is clear that at higher concentrations of excluded mineral matter, the
amount in the ash remains relatively constant. At an excluded mineral
matter concentration of 50% the change becomes insignificant.
Significant interaction between iron and aluminosilicates was
observed, but this was only slightly influenced by the amount of
excluded minerals.

When comparing the three swelling indexes analyzed, at a higher
swelling index, the amount of small particles (2um) increased. The
explanation for this is that the more highly swelled chars are allowed
to fragment more readily.

This study varies the amount of excluded minerals, considering
the same mineral distribution for both excluded and included minerals.
Some authors, however, have reported that the size distribution of the
included minerals is finer than that of the excluded minerals®. Other
authors have concluded the opposite*. The former study was made
with an Australian high-rank coal (Newlands). The latter study was
based on analysis of eighteen coals from the UK, US, South America,
South Africa and Australia. Australian and South African coals
showed more mineral-organic association than British and North
American coals. In all of the coals from this latter study, excluded
minerals were between 3 and 19 wt% of the total mineral matter, with
median sizes of about 4-7 wm and top sizes of 40-70 um. (finer size
distribution than included particles). A study including the effects of
these different size distributions is underway.

Conclusions

The effect of the amount of excluded mineral particles on the
coal-derived ash particle size was examined. As the amount of
excluded mineral matter increased, an increase in the amount of the
smallest ash particles was observed. This was attributed to a decrease
in the extent of coalescence of the smallest minerals. As excluded
mineral matter amounts increased, larger concentrations of silicates,
and potassium and iron aluminosilicates were observed as a result of
their lack of transformation (“dilution”) into aluminosilicate particles.
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INTRODUCTION

Understanding the formation of submicron ash will become
increasingly important as EPA begins setting standard limitations for the
emission of hazardous air pollutants. The vaporization of mineras is
proportiona to the vapor pressure of CO and increases with increasing
temperature.  Vaporization of refractory oxides aso increases in
reducing atmospheres where a more volatile reduced speciesis formed
viathe reaction:

MO(s) + CO(g) « M(g) + COx(g)

where M is a metal such as Fe, Mg, or Ca. Hence, the vaporization of
refractory oxides may be suppressed by an increased CO, vapor
pressure if the reverse reaction isimportant.

The effect of carbon dioxide on mineral vaporization has
been studied previoudy, but limited data (only one coa was considered)
was obtained [1]. As the effects of carbon dioxide as a greenhouse
gas become more important, a proposed method of carbon dioxide
sequestration is using a pure oxygen environment for coal combustion.
Understanding the effect of carbon dioxide and the corresponding
effects on metal vaporization are therefore of increasing importance
snce, in 100% oxygen environment, the carbon dioxide in the
combustion products would be between 80-90%.

EXPERIMENTAL

Three coas were selected for this study. The coals were
burned at 1650 K under a series of fuel-rich and oxygen-rich conditions
with the balance either nitrogen or carbon dioxide as seenin Table 1.
The oxygen concentration was varied to obtain different combustion
temperatures. Nitrogen provided an inert environment for combustion.
The oxygen/carbon dioxide environment allowed study of the impact of
carbon dioxide on the reduction of refractory oxide metals in the
submicron ash (indication of suppressed vaporization).

Oxygen, % Nitrogen, % Carbon Dioxide, %
0 100 0
20 80 0
50 50 0
100 2 2
20 0 80
50 0 50

Table 1. Combustion conditions vary oxygen, nitrogen, and carbon
dioxide concentrations.

The three coals selected represented a distribution of type
and mineralogy. Ohio (5,6,7) is a bituminous coa from the Ohio River
Basin, containing moderate sulfur and low iron. Wyodak is a sub-

bituminous coa from the Powder River Basin. In this cod, the
elements selenium, chromium, and arsenic are largely associated with
the organic matter. The last coa, North Dakota Lignite, is a low rank
cod with substantial water; sulfur bound as pyrite; and is high in
organically-bound cacium, magnesium, and sodium.

The experiments were performed in a drop tube furnace,
illugrated in Figure 1 The furnace is optimized for single particle
combustion experiments at temperatures up to 1750 K. Coa particles
were fed to the furnace by pneumatic conveyance through a syringe
feeding system at the rate of 1.2 g/hr. After combustion, the products
were rapidly cooled to 390 K by the addition of nitrogen gas and
passage through a water-cooled probe. An Andersen Mark |1 cascade
impactor was located directly below the furnace for particle collection
and sizing. The verticd arrangement alowed for collection of dll
combustion products.

All stages of the cascade impactor were lined with Durapore
Millipore filters coated with Apiezon H grease, except the fina filter
which was ungreased. The grease prevented particle bounce from one
stage to another. After a run, selected impactor states, representing
the residual and submicron ash, were andyzed using Instrumenta
Neutron Activated Analysis (INAA).
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Figure 1. Schematic of drop tube furnace.

RESULTS AND DISCUSSION

As sated previoudly, increasing the oxygen concentration
increased the combustion temperature. Using a computer model, an
increase of approximately 300 K was calculated over a range of G
100% oxygen. Quann’s data confirms this calculation [1]. As shown
in Figure 2 an incresse in temperature, increased the vaporization of
metals; in this case, only chromium and cacium are shown.

Carbon dioxide effects were seen on some metal
vaporization, as expected. Quann found that the temperature in the
drop tube furnace was unchanged when nitrogen was substituted by
carbon dioxide [1]. Hence, the effects seen in Figure 3 and Figure 4
are mogt likely a result of the change in gas environment and not
temperature. Figure 3illugtrates the effect of carbon dioxide on the
vaporization of the major refractory oxides. The vaues shown are the
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fraction of each element vaporized in an oxygen/carbon dioxide
environment divided by the fraction vaporized in the oxygern/nitrogen
environment. For the Ohio cod, magnesium, iron, and duminum (at the
lower temperature) al showed a suppression of vaporization. In the
Wyodak cod, dl metas in Figure 3 showed a suppression. The ND
lignite results are mixed due to the fact that magnesium and calcium are
associated with the organic material; therefore, no carbon dioxide
effect was seen for these elements. Results for other trace elements
will aso be discussed.

Some dements, namely those not expected to form
refractory oxides, should show no carbon dioxide effect. These results
are shown in Figure 4 For example, sodium is expected to be ion
exchangeable and not a refractory oxide. The halogens, chlorine and
bromine, sdlenium, arsenic, and antimony are also not expected to
demonstrate suppression of vaporization.

In the moddling of the data, it is important to fully represent
the CO/CO; ratio. The ratio in the pores of the cod particle must be
explained by the carbon/oxygen reactions, subsequent oxidation of CO,
and the carbon dioxide/solid carbon reactions [2]. A Chemkin-based
model, SKIPPY, has been used to predict the equilibrium between the
CO and CO,. Datafrom the model predictions will aso be discussed in
the presentation.
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Figure 2 Temperature effects on the vaporization of chromium and
calcium.
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Figure 3. The carbon dioxide effect on vaporization for major
refractory oxides.

Non Refractory oxides
CO2 effect on vaporization

. 1l

Na As Sb Se Cl Br

Fraction Vaproized in
CO2/Fraction
Vaporized in N2
o
L

elements

m Ohio 20% 02
O Wyodak 50% 02

@ Ohio 50% O2 OWyodak 20% O2
ND Lignite 20% O2 END Lignite 50% 02

Figure 4. Carbon dioxide did not reduce the vaporization of the metals
sodium, arsenic, antimony, or selenium, nor did it reduce vaporization of
the halides chlorine and bromine. These elements are not refractory
oxides, therefore no carbon dioxide effect was expected.
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INTRODUCTION

The American Coal Ash Association recently reported that
the U.S. production of coal combustion products (CCP) was over 108
million tons, of which almost 30% was beneficially utilized (2000
figures) [1,2]. Of the total production of CCP, fly ash represented
roughly 60%, and of the beneficial uses of CCP, fly ash utilization
represented almost 2/3 of the total. More than half of the ash was
utilized as a cement or concrete additive and this was clearly the
dominant market for the ash. The utilization of fly ash in concrete
permits partial replacement of Portland cement in the mix, and is
beneficial to the properties of the concrete due to the pozzolanic
properties of the fly ash [3,4,5]. Widespread introduction of low-
NOx burners has, however, often resulted in increases in fly ash
carbon contents, and in significant decreases in marketability of some
ashes [6-8]. The problems derive from both the often higher levels of
unburned carbon produced in the low-NOx combustion
environments, as well as from the variability of the carbon content
and its nature [9-21]. The problem of unburned carbon in fly ash is
associated with the use of special surfactants in concrete mixtures.
These surfactants impart freeze-thaw resistance to concrete by
entraining air bubbles into the mixture [22]. These air entraining
agents (AEAs) can, however, be adsorbed by any unburned carbon in
fly ash which is added to the concrete mixture, destroying freeze-
thaw resistance. There is some debate about factors other than carbon
that might influence foam index results [23].

The generally employed field test for AEA adsorption
capacity is the so-called “foam index” test, described below. Higher
AEA adsorption capacity is associated with a higher value of the
foam index. Both surface area and polarity play a role in determining
foam index [24].

EXPERIMENTAL
Samples and Their Preparation

Five class F and four class C fly ash samples have been
selected for testing. These samples have been obtained from utilities
(or ash brokers) throughout the U.S. The samples are FA 21 (class F,
6.1% LOI), FA 22 (class F, LOI 33.6%), FA 24 (Class F, LOI 2.7%),
FA 26 (class F, LOI 4.0%), FA 74 (class F, LOI 9.8%), FA 41 (class
C, LOI 1.1%), FA 65 (class C, LOI 0.74%), FA 66 (class C, LOI
0.92%) and FA 75 (class C, LOI 1.3%).

Fly ashes were mechanically sieved in 150 g batches.
Standard U.S. testing sieves were used (ASTM E-11 specification
sieves 45, 75, 140, and 325, with nominal openings of 355, 180, 106
and 45 um, respectively).

Loss-on-ignition (LOI) tests were performed on 1 gram
samples of the whole ash and its fractions. The loss in mass at 740°C,
in air, was the reported LOI, and this is assumed to be the weight of
unburned carbon in the original sample (though there is a possibility
of a small amount of contribution from some slow mineral phase
decomposition reactions [26].

Nitrogen adsorption at 77 K was used for determining the
BET surface areas of the ashes, following standard methodology
[27].

Foam Index Test

The Foam Index test is the commonly employed field test
for determining the suitability of a particular fly ash as a concrete
additive. The purpose of the test is to determine what is equivalent to
a titration endpoint for adsorption of the AEA on a particular ash.
When the ash has taken up the amount of AEA needed to fully
saturate all adsorption sites, “normal” surfactant behavior can be
observed, and the test solution supports a stable foam on its surface.
Generally speaking, the more surfactant that is needed for titration,
the poorer the performance of the ash is likely to be in the field.

In the present work, Darex II™ from Grace Construction
Products was utilized as the AEA. The Foam Index tests involved
placing two grams of fly ash, 8 grams of Portland cement and 25 ml
of deionized water into a 70 ml cylindrical jar with a 40 mm L.D. The
jar was capped and thoroughly shaken for one minute to completely
wet the cement and ash. A 10 vol.-% aqueous solution of AEA was
then added one drop (0.02 ml) at time from a pipette gun. After
addition of each drop the jar was capped and shaken for
approximately 15 seconds, following which the lid was removed and
the liquid surface was observed. Before the endpoint of the test, the
foam on the liquid surface was unstable. The endpoint was taken to
occur when foam was stable on the surface at least 45 seconds. A
blank value was measured using only Portland cement in water.
Subtraction of the blank value from the actual test results gave the
reported foam index (FI) value for the fly ash (in ml, per two grams
of ash). In this study, these FI values are typically converted to
specific foam index (SFI) values, which are expressed as ml AEA
solution adsorbed per gram of carbon in the sample.

RESULTS AND DISCUSSION

Representative ash size distribution data are shown in
Figure 1. These data show clearly that the bulk of the ash is smaller
than 100 um in size. The results are generally similar to what has
been reported in an earlier study [28]. Using the LOI values, the
contribution of the different fractions to carbon content could be
calculated. These results are shown in Figure 2.
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Figure 1. Fly ash mass distribution into different size fractions (in
pum).

The results of Fig. 2 show an interesting difference between class F
and class C ashes. In the case of the class C ash, there is always a
bimodal distribution in carbon content. In the class F ashes, only FA
24 showed a tendency in this direction, whereas all other class F
samples behaved more like FA 21.
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Figure 2. Carbon distribution in different fly ash fractions.

Each of the fly ash fractions was separately examined for
surface area and foam index. Both of these measured quantities are
known to be dominated by the unburned carbon in the fly ash. The
ratio of he foam index to the surface area provides a measure of how
effectively the carbon can be utilized for AEA adsorption. Figure 3
shows the typical results of this analysis.
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Figure 3. Foam Index per unit of surface area for different size
fractions (size ranges in pum).

It can be seen that the smaller size fraction carbons all exhibit a
higher uptake of AEA per unit surface area than do the carbons in the
larger size fractions. This is clear evidence that accessibility to the
surface area is progressively more limited, the larger the carbon
particle. This is not surprising, insofar as the surface area is found
mostly in micropores, which are difficult for large AEA species to
access. Transport of AEA over long distances through a micropore
network is unlikely.

There is roughly an order of magnitude difference in
surface areas of class F carbons (typically of order 50 m?*/g) and class
C carbons (typically 400 m%g). Since the AEA uptake capacities per
unit surface area of small particle fraction of both carbons are
comparable (mostly within a factor of 2), this shows that the carbons

in both classes of ash are comparable, in terms of surface properties.
It is therefore the magnitude of surface area in small-size carbon
fractions that dictates AEA capacities of ashes. Field reports of great
variability in foam index of class C ashes presumably is attributable
to the split between carbon contained in large vs. small particles.
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Abstract

The size and composition of ash particles produced during
pulverized-coal combustion have a major impact on their fate in
combustion systems. An ash transformation model was developed
to predict the size and composition of ash particles. The inputs to
the model include size, composition, and abundance of mineral
grains in the coal as determined by computer-controlled scanning
electron microscopy; bulk ash composition; ultimate analysis; and
abundance of inorganic elements organically associated. Processes
such as vaporization/condensation, ash mineral coalescence, partial
coalescence, ash shedding, and char fragmentation during char
combustion and mineral fragmentation have been incorporated into
the model. The size and composition distribution of the entrained
ash produced from lignite, subbituminious, and bituminous coals
in full-, pilot-, and laboratory-scale combustion systems have been
compared to the predictions made with Atran. The model
predictions and actual measurements compared very favorably.

Introduction

Inorganic coal components undergo complex chemical and
physical transformations during combustion to produce vapors,
liquids, and solids in the combustion system. The partitioning of
the inorganic components during combustion to form vapors,
liquids, and solids depends upon the association and chemical
characteristics of the inorganic components, the physical
characteristics of the coal particles, the physical characteristics of
the coal minerals, and the combustion conditions. The physical
transformation of inorganic constituents depends on the inorganic
composition of the coal and combustion conditions. The inorganic
components can consist of organically associated cations, mineral
grains that are included in coal particles, and excluded mineral
grains. There is a wide range of combinations of mineral-mineral,
mineral-coal, mineral-cation-coal, and
mineral-mineral—cation—coal associations in coal. These
associations are unique to each coal sample. The physical
transformations involved in fly ash formation include
1) coalescence of individual mineral grains within a char particle,
2) shedding of the ash particles from the surface of the chars,
3) incomplete coalescence due to disintegration of the char,
4) convective transport of ash from the char surface during
devolatilization, 5) fragmentation of the inorganic mineral
particles, 6) formation of cenospheres, and 7) vaporization and
subsequent condensation of the inorganic components upon gas
cooling. Combustion conditions and temperature profiles in the
boiler will influence the physical transformation mechanisms
involved in ash formation. As a result of these interactions, the ash
size distribution is generally bimodal, with the submicron
component largely a result of the condensation of the
flame-volatilized inorganic component and the supermicron
fraction being from the mineral grains combined with cations
(Loehden and others, 1989; Zygarlicke and others, 1990).

Numerous studies have been conducted to quantify the
physical transformation mechanisms (Benson and others,
1993b).

The ash transformation model (Atran) was developed to
predict the size and composition of ash particles produced
during coal combustion. The code has been described in
detail by Hurley and coworkers (1992). Atran is a key
component in other models developed at the Energy &
Environmental Research Center (EERC), including
TraceTran and Fuel Quality Advisor (FQA). TraceTran was
developed based on Atran to predict particle-size and
composition distributions (PSCD) of major, minor, and trace
elements of interest in combustion and gasification systems
(Erickson and others, 1998). The Tracetran model was
designed for a gasification system and will predict trace
elements. FQA is used to predict high- and low-temperature
convective pass fouling behavior. The code provides deposit
growth rates, deposit removability, and effects on heat
transfer (Benson and others, 1993a).

This paper describes tests conducted with the Atran
code to optimize key input information such as combustion
parameters that will influence fragmentation and coalescence
of' minerals and heterogeneous and homogeneous interaction
of organically associated cations. A Powder River Basin
(PRB) subbituminous coal from the Rochelle Mine was
combusted in the conversion and environmental process
simulator (CEPS), and the ash produced was collected and
aerodynamically sized, with each size fraction being
analyzed for major and minor element composition. The
information was then compared to the predicted results from
the ash transformation model.

Experimental Methods. The Atran model requires
computer-controlled scanning electron microscopy
(CCSEM), x-ray fluorescence (XRF), and ultimate analysis
of the fuel and boiler design and operating parameters in
order to predict the size and composition distribution of the
ash. In this study, Rochelle coal was analyzed to determine
the size, composition, abundance, and association of mineral
grains using CCSEM (Zygarlicke and Steadman, 1990); bulk
ash composition by XRF; and C, H, N, O, and S by ultimate
analysis. The CCSEM analysis is also combined with a
locked/liberated particle analysis to determine if the
individual mineral grains are located within a coal matrix or
are free mineral grains.

The ash was produced in the CEPS combustion system
when firing Rochelle coal. The CEPS is pilot-scale
combustor designed to nominally top-fire pulverized coal,
with a heat input of 40,000 Btu/hr. The CEPS was operated
at a coal feed rate of 1.4 kg/hour, 25% excess air, a 1500°C
initial combustion temperature, and an 1100°C convective
pass inlet temperature. A portion of the particulate was
removed before the convective pass section of the CEPS. The
fly ash was sampled using a source assessment sampling
system (SASS) train. The SASS train is equipped with three
cyclones and a backup filter used to acrodynamically classify
the ash into the following size fractions <1, 1-3, 3—10, and
10-50 micrometers.

Coal composition, boiler design, and operating
conditions were used as input parameters into the Atran
model to determine the size partitioning of the inorganic
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species during fly ash formation for Rochelle coal. With these
inputs, the Atran model begins by calculating a mass balance on
the inorganic composition by comparing the CCSEM mineral
composition and bulk ash composition data. The balance provides
the compositions of locked minerals (in the coal matrix) and
liberated minerals (outside the coal matrix) and type and
abundance of organically associated constituents. Once the mass
balance is complete, the distribution of the cations for
homogeneous and heterogeneous condensation and interaction and
the degree of fragmentation and coalescence of mineral grains are
defined based on boiler design and operating conditions. The boiler
design and operating conditions specifically define a file called
"homohet" that is used to determine the percentage of the major
elements (Na, Mg, Al, Si, P, K, Ca, Ti, and Fe), which is
distributed between homogeneous and heterogeneous along the
percentage of the homogeneously nucleated particles that are
submicron. The organically associated cations go through a
vaporization step and then are split between heterogeneous
condensation and homogeneous condensation. The heterogeneous
condensation step distributes the particles into the supermicron fly
ash size bins along with the homogeneous condensation
agglomerations. The remaining homogeneous condensation
particles are distributed into the submicron fly ash size bins. Boiler
design and operational parameters are linked to fragmentation and
coalescence factors for mineral grains, including pyrite, iron
carbonate, pyrrhotite, gypsum, barite, Ca—Al-P, kaolinite,
dolomite, and quartz. A fragmentation is then applied to both the
locked and liberated particles. Coalescence and shedding are
applied to the locked particles before the heterogeneous
condensation stage. The liberated particles go directly into the
heterogeneous condensation step. The ash is then partitioned and
run through a mass balance calculation to yield a predicted PSCD.
The homogeneous/heterogeneous and fragmentation/coalescence
values need to be optimized for specific boiler designs and
operating conditions.

Results and Discussion

The homogeneous/heterogeneous and
fragmentation/coalescence values were optimized and used in
Atran to predict the PSCD of the ash produced from Rochelle coal.
The predicted results are compared with the measured composition
of the aerodynamically classified particles produced upon
combustion of the Rochelle coal as shown in Figure 1. Atran also
predicts the weight percent of ash in the various size fractions and
is shown in Figure 2. In general, the SiO, levels in the various size
fractions compare well with the predicted values for all size
fractions. The predicted CaO levels compare well with the
predicted values for the <10-micrometer size fractions. The CaO
content in the >10-micrometer-sized ash particles was found to be
higher than the predicted. The higher level of CaO may be due to
the loss of larger particles in the CEPS after the gas stream
passes through the convective pass or may be due to
underpredicting the interaction of the organically associated
calcium with the coalescing mineral during combustion.
Differences were also noted between the predicted and measured
Al,O; contents. The differences may be due to the fact that some
of the aluminum in PRB coals is associated as a mineral that is
composed of high levels of calcium, aluminum, and phosphorus
similar in composition to crandalite. The exact transformations of
crandalite have not yet been established. The Fe,O, content
compares well with the particles >3 micrometers; however, for the
smaller particles, Atran is overestimating the levels of Fe,Os.
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Figure 1. Comparison of the composition of the predicted
and measured ash compositions.
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The predicted size distribution shows some differences for the two
larger-size fractions of ash and good agreement for the smaller
sizes. The primary reason for the differences is likely due to the
loss of some of the larger particles in the CEPS as the particles
enter the convective pass of the furnace.

Conclusions

The homogeneous/heterogeneous and
fragmentation/coalescence values must be optimized for various
firing systems and firing conditions. The predicted results
compared with the measured composition of the aerodynamically
classified particles produced upon combustion of the Rochelle coal
show generally good agreement. The SiO, levels in the various size
fractions compare well with the predicted values for all size
fractions. The predicted CaO levels compare well with the
predicted values for the <10-micrometer-size fractions. The CaO
content in the >10-micrometer-sized ash particles was found to be
higher than the predicted. Differences were also noted between the
predicted and measured Al,O; contents. The Fe,O; content
compares well with the particles >3 micrometers; however, for the
smaller particles, Atran is overestimating the levels of Fe,O;. The
predicted size distribution shows some differences for the two
larger-size fractions of ash and good agreement for the smaller
sizes. The primary reason for the differences is likely due to the
loss of some of the larger particles in the CEPS as the particles
enter the convective pass of the furnace.
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